Plasmids of the H incompatibility complex confer protection against all known channel-forming colicins (PacB character) and resistance to potassium tellurite (Te r ) to Escherichia coli strains. A DNA clone (2.2 kbp) from plasmid Mip233 (IncHI3) expressing PacB-Te r phenotypes was studied. DNA sequence analysis revealed a high degree of homology with the enzyme O-acetylserine sulfhydrylase. Size of the PacB-Te r transcript was estimated as 1200 bases. A single polypeptide was found on SDS^polyacrylamide gel with a molecular mass estimated of 34 kDa. The effect of channel-forming colicins and tellurite was analyzed at physiological and transcriptional levels. Results suggest that the pacB gene product could be a reductase-like enzyme. It is also suggested that presence of the PacB character among H plasmid confers selective advantage on cells sharing an ecological niche. ß
Introduction
Colicins are plasmid-encoded polypeptide toxins, produced by Escherichia coli strains. Because colicins require highly speci¢c outer membrane receptors, they are e¡ec-tive only on closely related species. According to their mode of action, colicins have been divided into two categories: hydrolytic enzymes, and channel-forming proteins. The latter group includes colicins A, B, E1, Ia, Ib, K and N [1] . They produce transmembrane ion-permeable channels in the cytoplasmic membrane of susceptible cells, leading to death by depolarization and cellular energy dissipation [1, 2] . The killing activity of these proteins involves three well-de¢ned steps: adsorption to speci¢c receptors, membrane translocation, and channel formation. Naturally sensitive E. coli populations have developed strategies to survive in environments cohabited by colicinogenic strains which are insensitive (immune) to their own colicin. Two mechanisms have been extensively studied: chromosomal mutations leading to modi¢cations on the outer membrane colicin receptors (resistance) and alterations of the translocation systems (tolerance) [1] . A quite di¡er-ent mechanism designated as character PacB (Protection against colicin B), has been described in our laboratory. PacB character is encoded by a group of non-colicinogenic plasmids. It is expressed as a reduction in size of the inhibition halos produced by colicin B on E. coli strains growing on solid medium [3] . Subsequent studies allowed us to demonstrate that the PacB character confers protection not only to colicin B but also to all known channelforming colicins [4] . Linkage between the PacB character, Phi phenotype (reduced e¤ciency on lytic plaques formation for bacteriophages T1, T5, T7 and P80) and resistance to potassium tellurite have been established [5, 6] . PacB and Te r are properties encoded exclusively by plasmids belonging to the H complex (with exception of those classi¢ed into the IncHI1 subgroup) [3^5,7] . However, cryptic chromosomal and IncP plasmid genes encoding low-level resistance to tellurite have been reported in E. coli K-12 [8, 9] . Both properties, PacB and Te r , have been successfully used as traits for preliminary identi¢cation of plasmids belonging to the H complex [4, 6] .
Tellurite resistance (Te r ) has been studied in plasmids MER610 and R478, both of the IncHI2 subgroup, but not in plasmids from other H incompatibility subgroups [101 2]. Regions encoding the tellurite resistance have been cloned and sequenced, but the biochemical mechanism of resistance remains unknown. Tellurite toxicity is believed to be a consequence of the strong oxidizing properties of the tellurium anion. Host strains carrying these plasmids precipitate metallic tellurium when grown in the presence of tellurite [6] . This observation has led to the postulate that reduction to non-toxic metallic tellurium is the detoxi¢cation mechanism [13] . Nevertheless, attempts to identify a reductase activity in these strains have failed.
Previous results from our laboratory suggested that in plasmids IncHI2 PacB and Te r are linked and inducible by sub-toxic levels of tellurite, or by channel-forming colicins (6). Whelan et al. established genetical and physical linkage of PacB and Te r in plasmid R478 [12] . Jobling and Ritchie [10] reported that tellurite resistance in (pMER610) was induced by sub-toxic concentrations. However, Hill et al. [14] showed that this property in pMER610 is constitutive and not a¡ected by prior exposure to sub-toxic levels of tellurite. Recently, we cloned a region of plasmid Mip233 (IncHI3), pB22 clone, able to confer both properties (PacB -Te r ) [15] . pB22 (2200 bp) represents the smallest DNA segment so far isolated that is able to fully express tellurite resistance (K 2 TeO 3 minimal inhibitory concentration = 1024 Wg ml 31 ) and resistance to channel-forming colicins [15] .
To exert their bactericidal e¡ect, potassium tellurite and colicin molecules must be translocated from the outer to the cytoplasmic membrane. Studies on expression of both properties have been done using E. coli strains with alterations in Ton and Tol translocation systems. Our results indicated that for the expression of both phenotypes, the intact product of gene tolC is required since TolC mutants carrying pB22 are unable to acquire the phenotype PacBTe r [15] .
In the present work, we report the sequence of the PacB -Te r determinant cloned from plasmid Mip233 (IncHI3). Maxicells system was used to identify clone-encoded polypeptides. Northern blotting was used to identify the transcript, and results from studies on induction at physiological and transcriptional levels are reported.
A part of this work has been presented by V.R.L. in the 38th Interscience Conference on Antimicrobial Agents and Chemotherapy (ICAAC-ASM), CA, USA, September 1998.
Materials and methods

Bacterial strains and plasmids
E. coli strains and plasmids used in this study are listed in Table 1 . All strains and plasmids are preserved at the Centro Venezolano de Colecciones de Microorganismos (CVCM).
Media and growth conditions
All bacterial cultures were grown in Luria-Bertani (LB) medium. When required, growth in minimal medium was made as described previously [1] . Antimicrobial agents were used at the following concentrations : ampicillin 120 Wg ml 31 , potassium tellurite 50 Wg ml 31 .
DNA manipulation
Standard protocols or manufacturer's instructions were followed for DNA isolation and recombinant DNA procedures.
Cell viability
Cultures were grown up to stationary phase in LB or minimal medium in presence of the following substrates : serine, cysteine or methionine (20 Wg ml 31 ), MgSO 4 (4 mM), or an inhibitory concentration of colicin A. Colicin A was obtained by induction with mitomycin C (0.4 Wg ml 31 ), and the titer estimated by spotting serial dilutions on lawns of sensitive cells under similar conditions used by Rodriguez Lemoine et al. [16] . For the determination of viable counts, cultures were washed, serially diluted and then spread onto LB plates or LB plates supplemented with variable concentrations of potassium tellurite (50 up to 500 Wg ml 31 ). By colony count, the proportion of Te r cells was determined with respect to the total of viable cells.
Maxicell analysis
To visualize plasmid-encoded polypeptides, a maxicells system was used. The transformants of E. coli V197 carrying pB22 were prepared and incubated with [ 35 S]methionine as previously described [17] . High molecular mass standard was used to estimate the molecular mass.
DNA sequence determination and analysis
Sequencing was performed with a T7 Sequencing kit from Pharmacia Biotech. Sequences were analyzed through a DNASIS program version 5.0 from LKB. Open reading frames (ORFs) were compared with sequences in the National Center for Biotechnology Information (NCBI) database using BLAST alignment programs [18] .
RNA isolation and Northern hybridization
Total bacteria RNA was isolated by the method of Bashyam and Tyagi [19] . Puri¢ed RNA (5 Wg per lane) was subject to electrophoresis in 1.5% agarose gels under denaturing conditions, transferred onto nitrocellulose paper, and hybridized. Random primer using Genius Non-radioactive Nucleic Acid Labeling and Detection System was used to label probes. High stringency hybridization conditions were 25% formamide, 5USSC (1USSC is 0.15 M NaCl, 0.015 M sodium citrate (pH 7.7)) at 60³C for 16 h. Unbound probe was removed by washing the membrane twice in 0.1USSC for 30 min at 60³C. Positive signals were detected using Lumiphos kit.
Nucleotide sequence accession number
The nucleotide sequence reported in this paper has been submitted to GenBank and assigned accession number AF192489.
Results and discussion
A region of the plasmid Mip233 (incompatibility subgroup HI3) encoding the phenotypes for resistance to channel-forming colicins (character PacB) and potassium tellurite (Te r ) was recently cloned in our laboratory [15] . So far, clone pB22 is the smallest (2200 bp) functional DNA segment isolated that is able to confer both phenotypes. In this work, we sequenced 1270 bp of pB22, and an ORF was identi¢ed (Fig. 1) . A consensus search revealed 159 bp upstream of the translation initiation site a TCTTAT 310 region and a TGTGAGACA 335 region with 16 bp of intervening sequence between the promoter elements. With respect to the consensus c 70 promoter elements, the 335 region has 75% homology and the 310 region has 66% homology. In addition, a putative ShineDalgarno (AAGGACG) sequence, 4 bp upstream of the translation initiation site was identi¢ed. The putative ORF starts at position 205 with an ATG codon and ends at position 1174 with a TAA stop codon. Immediately downstream of this stop codon, a palindromic sequence of 25 bp was identi¢ed. This sequence might act as a rho-independent terminator. In summary, the sequence analysis suggested that this region might contain only one functional gene, which has a pleiotropic e¡ect for resistance to colicin and tellurite.
In a database searching this ORF does not show signi¢-cant homology with any other Te r determinant previously reported. However, it displays a strong homology with genes that encode O-acetylserine (thiol) lyase (also known as O-acetylserine sulfhydrylase) (EC 4.2.99.8), a pyridoxal 5P-phosphate (PLP)-dependent enzyme. The identity reaches 80% with E. coli genes. The enzyme O-acetylserine sulfhydrylase is involved in the terminal step of cysteine biosynthesis. In the reaction, O-acetyl-L-serine undergoes sulfhydrylation in the presence of sul¢de to form L-cysteine : O-acetyl-L-serine+S 32 CLcysteine+acetate. The estimated molecular mass of deduced protein is 34 455 Da. The PLP attachment site (K-X-E-X(3)-(PA)-(STAGC)-X-S-V-K-X-R-X-(STAG) was found in the ORF of pB22. Computer predictions also revealed one potential transmembrane helix at the C-terminal region, suggesting that this protein could be anchored in the bacterial membrane (Fig. 1) . Salmonella typhimurium and E. coli contain two isoforms of this enzyme designated as CysK and CysM with CysK being the most abundant. We propose to designate this cys-like plasmid gene as pacB. B is used to represent channel-forming colicins.
Considering the chemical and physical similarities of tellurium and sulfur, we suggest that a pacB product may be involved in the reduction of tellurite salts to metallic tellurium, conferring protection against the toxic effects of tellurite. In support to this hypothesis, resistance to tellurite has been associated with two loci (one identi¢ed as cysK) in Rhodobacter sphaeroides [20] .
The synthesis of polypeptides encoded by pB22-borne genes was examined by the maxicells technique (Fig. 2) . Cells harboring pB22 (lanes 5 and 6) directed the synthesis of one polypeptide that was not observed with the plasmid vector alone (lane 3). In agreement with the size predicted by sequence analysis, this protein has a molecular mass about 34 000, being similar to the molecular mass reported for the CysK enzyme.
In Northern hybridization analysis using the entire 2200-bp fragment as probe, we detected a transcript of 1200 bases (Fig. 3) . This transcript was not found in plasmid-free cultures. Inducibility of the putative PacB-Te operon by sub-lethal concentrations of tellurite has been suggested although not clearly demonstrated. Therefore, attention was given to measure growth ability of the E. coli (pB22) strain in the presence of tellurite, when it was pre-grown at di¡erent concentrations of tellurite, colicins, sulfur or cysteine (substrates for the enzyme O-acetylserine sulfhydrylase) as indicated in Section 2. Results shown in Table 2 indicate that pre-growth of transformants in presence of cysteine or sulfur increases the cell's ability for further growth at high tellurite concentrations (up to 500 Wg ml 31 ). However, and in contrast to expectations [10, 15] , pre-growth of transformants in the presence of sub-lethal concentrations of tellurite did not increase cell growth over the level expressed by culture control. Analogous results were obtained when cells were pregrown in the presence of colicins. In the latter conditions, less than half of the bacterial (pB22) population survived after being transferred to media containing tellurite.
Studies of transcriptional levels using Northern hybridization revealed that cysteine, serine, pore-forming colicins, and to a lesser extent tellurite salts, induced an increase in RNA transcription of the 1200 base transcript (results not shown). Although pre-growth in tellurite or colicins does not contribute to increase cell viability, a measurable increase in the pB22 transcription activity was detected in cells of the surviving population. To explain these results, we postulate that this e¡ect is due to an early expression of this gene product in a fraction of the population, being responsible for the viability of the surviving cells.
Since only one product has been obtained, correspond- Cell viability was determined as described in Section 2. Cells were pregrown in MM or LB with and without the following compounds : serine, cysteine, methionine (20 Wg ml 31 ), an inhibitory concentration of colicin A, and tellurite (5 Wg ml 31 ). Viable count was estimated on LB plates in presence and absence of variable concentrations of potassium tellurite (50 up to 500 Wg ml 31 ). ing to a single RNA transcript, we propose the pacB gene product as responsible for both phenotypes. However, the cooperation of other products cannot be ruled out. Given the similarities between tellurium and sulfur, it is reasonable to suggest that the ORF in pB22 could encode a reductase-like enzyme able to act on tellurium. Since the cell has available large amounts of tellurium in the environmental media, a reverse reaction involving the reduction of tellurite to metallic tellurium could be expected to occur at the level of the cytoplasmic membrane. Consequently, bacterial colonies become black and resistant to tellurite (Te r phenotype) by deposition of the inert form of reduced tellurite. The PacB phenotype is thought to be a secondary e¡ect resulting from the resistance to tellurite. We propose that protection against all channel-forming colicins occurs by a non-speci¢c interaction between the PacB product and the cytoplasmic membrane at the insertion site of the channel-forming domain (common to these colicins) a¡ecting their ability to produce channels.
To survive in contaminated environments or in the presence of antimicrobial agents, bacterial populations have developed a diversity of protective mechanisms. Colicinsensitive bacteria (E. coli and others) have developed strategies to survive in the presence of colicinogenic strains. Resistance and tolerance result from chromosomal mutations a¡ecting colicin receptors or the translocation systems. In a di¡erent way, acquisition of IncH plasmids encoding the PacB determinant confers to colicin-sensitive bacteria resistance to a set of colicins sharing a common mode of action (channel-forming colicins) as well as resistance to tellurite oxyanions. H plasmids are promiscuous and e¤ciently transferred in natural environments [7] . They frequently encode additional functions (resistance to antimicrobial agents, including heavy metal) that contribute indirectly to the maintenance and dissemination of the former properties. Presence of the PacB determinant could be seen as a major factor for the survival of cells sharing an ecological niche with channel-forming colicinogenic strains [21, 22] .
